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I.3.1 Hautes densités cellulaires et modes de conduite de 
réacteur discontinu (Batch) et discontinu alimenté (Fed-
batch) 
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I.3.2.2.1.2 Impacts des paramètres opératoires 
sur les bioréacteurs à recyclage membranaire mono-
étagé  
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I.3.3.1 Limites physiologiques  
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I.3.3.1.2 Diminution de l’activité spécifique du micro-
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II.1.4 Préparation de l'inoculum. 
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II.2 Méthodes analytiques 
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II.2.1 Caractérisation de la biomasse 

II.2.1.1 Mesure de la densité optique DO 
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II.2.1.2 Détermination de la matière sèche totale 
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II.2.1.3 Détermination de la concentration cellulaire totale 
et de la viabilité cellulaire 
II.2.1.3.1 Cellule de THOMA 
  ,       ,    
@G" ,      00    , 90(
:# %   ,  <7   .    0  <7
.9 <>:#


7:%(2.;""%"&,!-

 , =,G',%@1
9 ,><:#
0,,#, ,
#
1 2   , ,  ,       (
 ( #%(
,#
1     ( &        
 =,,&,
#$&,#
 ,(,A,
;
   ,    = <X 9*  9<K7K::# * & 0 
&,
H .#,=
0	
%	""
 K

Hff
,. ,(
,,(
#,,( <1 = >24@

 0(   ,  ,     @G" 
(,'#%,,9%b'9<K7::	
− $<, (,'<,S5
− 6
 ,'5
− ,,("&
Z,9!G!2g:&,=<
,0S#
=, 0,(,'0
0,,=,@G"
=
; ,1 ,#  ,   H ,   = ,
,(&, U@G"#
,,#00
,(# 0(
,(00 ,( ,,, D <;
0#

7:%(21;
=,"&""%"!,(!(&, (,!""%"&,!%"'!&%
 "%&,#"L-
II.2.1.3.2 Comptage sur boîte 
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II.2.6 Dosage du CO2, O2, N2 
 , E,,  E#
0#
− %, 9-!"g&+%<
"4:S,#
− %,*G!*ML&,,Hh#
− ,	;J%&,#
− 6	;J%&	;J%& E0	' #
− 60.0#
− 3,S6	
Z#
 $' E%*+<H,#
S S, %G
&G
&
#S 
%	""
 KH
 %G
&G

 E.(,,
0 .  # %&   ', S'& S    S =
&K;XSS.' /, 
.' # %          %G
  
# $ 
0AS. %G
&G
&
#
:9
X
<
X
X
X








β
α
α −+
=



$
$
9
9     >28@

:9
X
<
X
X
X








β
α
α
β
α
−+
−
=



$
$
9
9     >2/@


:9
X
<
<
X




β
α
α −+
=
$
$     >26@


9
X &

$
X &

9
X   .'(&E.' 
,# α      PE   9α ] &<<K7J:  β    
.'  9β ]&K;KJ
:#
 2    ,      # & =
     E. ,   (  &    
S,(  , 0 	      %G
& G
& 
 =   
( E.=#




%	""
 K7
II.2.7 Caractérisation rhéologique du milieu de culture 
$,0=,33HH
   0    , ,   . # 
  ,  ,   0     0
 =  # $ ,(     A ,'# 
0,=,00,('1'
,
<
,,('B#
   ,,    ,   , 
 ( &=,
;%#
II.2.8 Caractérisation de la pression osmotique 
$,,  = ,1,,
,@,!( '<
P<
$!9"?&4&+,':#
%'S,,, #S(,
       = S    ,   
 ,# S    =  %# 2   0 
,<,?S9 1< G@
,#M :=1<&H%#
 G  S(  (   S,  V =     
# ,,0,1; 1< G@
,,#M #A
,;,0#*,&0<Z
 (-#%(.A,
( ,, # ,
 . , 0#      0  1<&  
',, (-0<
# ,0iUj#-0
,#

%	""
 KJ
II.3 Traitements des données 
'0#

II.3.1 Hypothèses 
< .,, #

 0,,,#
; *,.9 ,( :#
> ,,(   0, (,&  
,,(',#
H  ,  6   (,   (    
  (#
7 % E00

4	 ('  ,, 9,
=0.(0:#,&0
.,.9((.':
  .   ',  ( 9 ,    ,
,:#

II.3.2 Conservation des débits 
(.,#1<#
*,(	
6 FFF +=<    >25@
1*!<	 
<P
<
P< FFF +=   >.4@
1*!
9,U,:	 
6 FFFF ++= <P

P<  >.2@
II.3.3 Temps de séjour 
 ,66&[0(9(,:6
,&.,.'1<#
• ,6(,C6
%	""
 K
 1*!<	 

P<<< PF.@G =   >..@

1 *!
9,U,:	
   :P9 <P


 G FF.@ +=     >.1@
1 *,(	 G F..@ P:9 
<+=  >.A@
1 . 	 
GG @* P<=      >.3@

• ,66
1 *!<	 
<< G @@ =     >.8@
1 *!
	 :P9 <P


 6 FFF.@ ++=   >./@
1 ,6	 :P9:9 
< 6 FF..@ ++=  >.6@
1 .'
@* P<=  >.5@

II.3.4 Bilans matières  
 ( ,     .    , 
,0,,#
(=,0	
1 9, #1<:,!<	C<
1 9, #1<:,!
	C

1  0(,!<	X0(<
1  0(,!
	X0(

1 (,9L<:&9L<P
L
P<: 9L4
L*:.,#
1<
1 0,!<93<:!
93
:.,
1 !<9<:
!
9
:., #
1<
1  !< 9*<: !
 9*
:
., #1<
1  '!<9+<:!
9+
:
., #1<
%	""
 KK
1         !< 9<:   
!
9
:., #
1<
1 !<9<:
!
9
:., #
1<
II.3.4.1 Bilans matières sur le réacteur R1 en régime 
permanent 
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II.3.4.2 Bilans matières sur le deuxième réacteur R2 en 
régime permanent 
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II.3.4.3 Bilans gaz sur les deux réacteurs 
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II.3.4.3.2 Oxygène 
II.3.4.3.2.1 Réacteur 1 : 
 Le bilan matière sur l’oxygène dans le réacteur R1 s’écrit de la manière suivante : 
 
(55) 
  
 
 
où sat2O  représente la concentration en oxygène dissous en mol.L
-1 dans le milieu à  
  saturation  
pO2_Rj est la quantité d’oxygène dissous mesurée dans le fermenteur par la 
sonde à oxygène en pourcentage par rapport à la saturation 
  VL_Rj représente le volume de liquide dans le réacteur 1 ou 2 
  VG_Rj représente le volume de gaz dans le réacteur 1 ou 2 
 %O2_Rj représente le pourcentage d’oxygène dans les gaz de sortie du réacteur 
1 ou 2 
 rO2_Rj représente la vitesse de consommation d’O2 dans le réacteur 1 ou 2 
En régime permanent, on considère que le volume liquide VL_Rj, le volume de gaz VG_Rj, 
pO2_Rj et %O2_Rj sont constants. 
 
 
  (56) 
II.3.4.3.2.2 Réacteur 2 : 
Le bilan matière sur l’oxygène sur le réacteur R2 s’écrit de la manière suivante : 
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II.3.4.3.3 Dioxyde de carbone 
 La phase liquide est saturée en CO2. Il peut se dissocier en ions HCO3- dont 
l’accumulation peut sous estimer le bilan sur le CO2. Toutefois, au pH auxquels nos cultures 
sont réalisées (pH 4), la quantité de HCO3- dissous est négligeable et représente moins de 
0,1% du CO2 dissous (Guillou (1996)). 
 Nous avons considéré le bilan suivant pour chacun des réacteurs: 
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D’où en régime permanent :  
dt
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.
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   (59) 
 
II.3.4.3.4 Algorithme de calcul 
Voici décrit succinctement l’algorithme de calcul pour les gaz. 
1. Acquisition en ligne de la composition des gaz en sortie des deux étages, de la 
concentration en oxygène dissous pO2 et des débits d’air en fonction du temps. 
2. Lissage de l’évolution de %O2, %CO2, pO2_R1, pO2_R2 en fonction du temps par une 
fonction polynomiale et calcul des dérivées en chaque point. 
3. Calcul du volume molaire des gaz en entrée, en sortie et du débit d’air d’entrée en  
mol.h-1. 
4. Calcul du débit de gaz de sortie en mol.h-1. 
5. Calcul des vitesses spécifiques rO2 et rCO2 en fonction du temps pour chacun des 
réacteurs. 
 
II.3.5 Logiciel de réconciliation des données 
 Un logiciel de réconciliation de données a été développé par F. Ben Chaabane afin : 
- de réajuster statistiquement les données brutes pour boucler les bilans élémentaires 
(bilans carbone et oxydoréductif) lorsque les mesures contiennent de faible erreurs 
aléatoires ; 
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III.2.2 Etude de l’impact du point chaud dues à la 
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III.3 Reproductibilité des expériences en régime 
permanent : phase continue (Expériences 3 et 4) 
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III.3.1 Cinétiques 
III.3.1.1 Réacteur R1 
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IV.2.3 Résultats des études physico-chimiques/physico-
mécaniques 
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IV.2.3.1 La pression osmotique 
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IV.2.3.2 Etudes rhéologiques 
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IV.2.3.2.1 La viscosité du surnageant η0 
 La viscosité du surnageant η0 est exprimée en Pa.s. Elle a été déterminée pour chaque 
régime permanent dans les deux réacteurs. La Figure 27 représente les rhéogrammes des 
surnageants pour les réacteurs R1 (graphique a) et R2 (graphique b) lors de l’expérience 6. 
Quel que soit le régime permanent, le comportement rhéologique de ce fluide n’évolue pas, il 
reste newtonien sur la gamme d’étude du gradient de vitesse (D en s-1). Il en est de même pour 
toutes les expériences réalisées.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27 : Evolution de la contrainte de cisaillement τ en Pa en fonction du gradient de vitesse D en s-1. 
Rhéogrammes des surnageants Expérience 6 Réacteur R1 (a) et Réacteur R2 (b) pour chacun des régimes 
permanents (RP) 3, 4 et 5 et référence (fin de la phase en mode batch). 
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 De plus, aucune modification de la viscosité du surnageant, quel que soit le réacteur et 
le régime permanent considérés, n’est observée comme le montre le Tableau 50. La moyenne 
de cette viscosité est de 0,0013 Pa.s pour R1 et de 0,0014 Pa.s pour R2. 
 
Tableau 50 : Synthèse des viscosités des surnageants η0 en Pa.s pour chacun des réacteurs R1 et R2 lors 
des différents régimes permanents. 
Régime permanent 1 0,0015 0,0016 15,90 ± 0,67 37,95 ± 2,55
Régime permanent 2 0,0015 0,0016 32,53 ± 0,62 115,56 ± 0,79
Régime permanent 3 0,0013 0,0011 24,3 ± 2,2 56,5 ± 5,7
Régime permanent 4 0,0013 0,0011 42,2 ± 3,5 129,2 ± 7,4
Régime permanent 5 0,0013 0,0015 58,4 ± 0,85 204,8 ± 1
Régime permanent 6 0,0013 0,0013 39 ±  3 87,4 ± 3,4
Régime permanent 7 0,0012 0,0015 47,90 223,0
Ex
p.
8 
** Régime permanent 8 0,0013 0,0014 59,22 ±  3,23 160,23 ± 8,58
Ex
pé
rie
nc
e 
   
  
6*
*
Ex
pé
rie
nc
e 
7*
*
Xt1 Xt2
R
ef Fin de batch 0,0012 0,0012 8 - 10
η0  Pa.s [X] g.L-1
R1 R2
Ex
pé
rie
nc
e 
5 
*
 
* Volumes R1 1,5 L et R2 8 L. ** Volumes R1 4,5 L et R2 9,5 L. 
 
 Suite à cette étude, le comportement rhéologique du milieu de fermentation 
(surnageant avec cellules) est analysé. 
 
IV.2.3.2.2 La viscosité du milieu de culture : viscosité 
apparente ηa 
 La viscosité du milieu de culture contenant les cellules, viscosité apparente ηa, est 
exprimée en Pa.s. Elle est déterminée pour chaque régime permanent pour les deux réacteurs. 
La Figure 28 représente les rhéogrammes des surnageants contenant les cellules pour les 
réacteurs R1 (graphique a) et R2 (graphique b) lors de l’expérience 6.  
 Les rhéogrammes ci-dessous montrent une corrélation linéaire entre la contrainte et le 
gradient de vitesse. Le fluide a donc un comportement linéaire traduisant un comportement 
newtonien. 
9 ± 1
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Figure 28 : Evolution de la contrainte de cisaillement τ en Pa en fonction du gradient de vitesse D en s-1. 
Rhéogrammes des milieux de culture Expérience 6 Réacteurs R1 (a) et Réacteur R2 (b) en régime 
permanent (RP) 3, 4 et 5 par rapport à la référence (fin de la phase en mode batch). 
 
 Dans le domaine de variation considéré du gradient de vitesse (0-1800 s-1), le 
comportement du milieu de fermentation est assimilé à un comportement newtonien. Les 
valeurs des viscosités apparentes du milieu de fermentation (milieu contenant les cellules) 
a 
× [X]Ü 
× [X]Ü 
Ö [X] = 58,4 g.L-1
Ö [X] = 42,2 g.L-1 
Ö [X] = 24,3 g.L-1 
Ö [X] = 204,8 g.L-1
Ö [X] = 129,2g.L-1 
Ö [X] = 56,5 g.L-1 
Chapitre IV : Obtention des hautes densités cellulaires 
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sont déterminées pour chacun des réacteurs et lors des différents régimes permanents. Elles 
sont synthétisées dans le Tableau 51. 
 Les viscosités apparentes sont plus élevées dans le deuxième réacteur que dans le 
premier réacteur. Les gammes de variations sont de 0,0012 à 0,0448 Pa.s et de 0,0012 à 
0,0022 Pa.s respectivement pour le deuxième et le premier réacteur. Ceci correspond à des 
variations de 3600 % pour le réacteur R2 et de 83 % pour le réacteur R1.  
 
Tableau 51 : Viscosité apparente du milieu de culture ηa Pa.s dans les deux réacteurs R1 et R2 en régime 
permanent. 
Régime permanent 1 0,0024 0,0025 15,90 ± 0,67 37,95 ± 2,55
Régime permanent 2 0,0022 0,0076 32,53 ± 0,62 115,56 ± 0,79
Régime permanent 3 0,0015 0,0021 24,3 ± 2,2 56,5 ± 5,7
Régime permanent 4 0,0016 0,0071 42,2 ± 3,5 129,2 ± 7,4
Régime permanent 5 0,0016 0,0271 58,4 ± 0,85 204,8 ± 1
Régime permanent 6 0,0017 0,0039 39 ±  3 87,4 ± 3,4
Régime permanent 7 0,0016 0,0448 47,90 223,0
Ex
p.
8 
** Régime permanent 8 0,0022 0,0173 59,22 ±  3,23 160,23 ± 8,58
8 - 10
ηa  Pa.s
R1 R2
[X] g.L-1
Xt1 Xt2
Fin de batch 0,0012 0,0012
Ex
pé
rie
nc
e 
5 
*
Ex
pé
rie
nc
e 
   
  
6*
*
Ex
pé
rie
nc
e 
7*
*
R
ef
 
* Volumes R1 1,5 L et R2 8 L. ** Volumes R1 4,5 L et R2 9,5 L. 
 
IV.2.3.3 Synthèse 
L’étude des paramètres physico-chimiques montre : 
- un comportement rhéologique newtonien pour le surnageant. Sa viscosité ne subit 
pas d’évolution en fonction de l’ensemble des conditions expérimentales explorées 
et sa valeur moyenne est de 0,0013 ± 0,0001 Pa.s. 
- un comportement rhéologique newtonien pour le milieu de culture dans les 
domaines de variation du gradient (0-1800 s-1) et de concentration en cellules (0-
223 g.L-1) étudiés. La viscosité apparente du milieu biologique varie de 0,0012 à 
0,0448 Pa.s respectivement pour une concentration en biomasse de 9 g.L-1 et de 
223 g.L-1. 
9 ± 1
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V Impacts des hautes densités cellulaires 
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V.1 Impacts de hautes densités sur l’activité du 
micro-organisme 
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V.1.1 Vitesse spécifique de croissance 
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V.3 Impact des hautes densités cellulaires sur les 
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V.3.1 Evolution de la masse volumique de la suspension 
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V.3.2.1 Etude du comportement rhéologique du milieu de 
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V.4.1.1.2 Calcul de la pression transmembranaire 
moyenne PTM 
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V.4.1.1.3 Calcul de la contrainte à la paroi 
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V.4.2 Comportement des paramètres physiques liés au 
module de filtration 
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V.4.4 Stabilisation de la concentration en biomasse en 
régime permanent et évolution de la densité de flux de 
perméat pour des régimes permanents successifs. 
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V.4.4.1 Aspect énergétique 
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V.4.4.1.2 Résultats 
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V.4.4.2 Evolution de la densité de flux de perméat en 
fonction du débit de la pompe et de la pression 
transmembranaire en concentration croissante en 
biomasse  
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cerevisiae dynamic behaviour in ethanol bio-fuel production
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Abstract The impact of ethanol and temperature on the
dynamic behaviour of Saccharomyces cerevisiae in eth-
anol biofuel production was studied using an isothermal
fed-batch process at five different temperatures. Fer-
mentation parameters and kinetics were quantified. The
best performances were found at 30 and 33C around
120 g l-1 ethanol produced in 30 h with a slight benefit
for growth at 30C and for ethanol production at 33C.
Glycerol formation, enhanced with increasing tempera-
tures, was coupled with growth for all fermentations;
whereas, a decoupling phenomenon occurred at 36 and
39C pointing out a possible role of glycerol in yeast
thermal protection.
Keywords Ethanol fermentation Æ Saccharomyces
cerevisiae Æ Temperature effect Æ Ethanol tolerance Æ
Glycerol production
Introduction
Very high ethanol performances in fermentation using
Saccharomyces cerevisiae are determined by several fac-
tors such as medium composition and operating param-
eters including substrate and vitamin feeding strategy,
oxygen level and temperature [1, 2, 3, 4]. This latter
parameter becomes crucial for optimising low-added
product bioprocesses. One of the constraints in such
bioprocesses is to find a good compromise between on
one hand the optimisation of the fermentation tempera-
ture for productivity, yield, ethanol titre and cell viabil-
ity, and on the other hand the minimization of energetic
cost linked to fermentation temperature regulation.
However, as mentioned by Torija et al. [5], very few
investigations were reported on the impact of tempera-
ture on the dynamic behaviour of S. cerevisiae during
fermentation processes. When temperature and ethanol
induced synergistic effects on dynamic growth and pro-
duction rates, the experimental evaluation of fermenta-
tion parameters and kinetics may provide the
determination of the optimal temperature profile for
bio-ethanol production in dynamic processes. Our
approach consists in the complete analysis of isothermal
alcoholic fermentation at five different levels of tem-
perature, in fed-batch culture, under perfectly controlled
operating conditions. Global fermentation parameters
and kinetics were determined when growth and ethanol
production occurred. Complementing numerous studies
on heat shocks and added ethanol stress on yeast
physiology, this paper will extend the knowledge of the
temperature effect on ethanol fermentation by S. cere-
visiae where the cells have to deal with growth and
ethanol production. Our study applies to the context of
intensive bio-fuel production supported by environ-
mental and economical issues and in a quite different
well-documented application field such as vinification.
Materials and methods
Microorganism, media and growth conditions
The S. cerevisiae CBS8066 strain was supplied from the
Centraalbureau voor Schimmelcultures (The Nether-
lands). The strain was maintained on YPD (yeast extract
1% (w/v), bactopeptone 2% (w/v) and glucose 2% (w/v))
agar medium at 4C. Pre-culture of yeast cells was carried
out in a 5 ml tube ofYPD richmediumat 30C for 16 hon
a rotary shaker (100 rpm) containing NaCl 0.9% (w/v).
The culture was transferred into a 500 ml erlenmeyer
flask containing 150 ml of mineral medium (pH 4)
prepared as follows (all compounds are expressed in
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g l)1): KH2PO4, 3.0; (NH4)2SO4, 3.0; Na2HPO4, 12H2O,
3.0; sodium glutamate, 1.0; MgSO4,7H2O, 0.5; ZnSO4,
7H2O, 0.04; MnSO4,H2O, 0.0038; CoCl2,6H2O, 0.0005;
CuSO4,5H2O, 0.0009;Na2MoSO4,2H2O, 0.00006; CaCl2;
2H2O, 0.023; (NH4)2Fe(SO4)6,6H2O, 0.023; H3BO3,
0.003; pantothenate, 0.005; nicotinic acid, 0.005; meso-
inositol, 0.125; thiamine, 0.005; pyridoxine, 0.005; para-
aminobenzoic acid, 0.001 and biotin, 0.000012.
Glucose was added at a final concentration of 40 g l)1.
After 10 h of growth at the desired temperature (27, 30,
33, 36 and 39C) on a rotary shaker (100 rpm), the 150 ml
culture was used to inoculate the 2-litre fermentor
containing 1.3 l of mineral medium with vitamins as
described above.
Fermentations
Fed-batch experiments were performed in a 2 l fermen-
tor using a SETRIC fermenting system. The temperature
was regulated at 27, 30, 33, 36 and 39C as desired, and
the pH at 4 with the addition of a 14% (v/v) NH3
solution. The fermentor was flushed continuously with
air through the sparger placed at the bottom of the
reactor. The flow rate was 18 l h)1 corresponding to a
maximum VVM of 0.2. The stirring rate was fixed at
400 rpm until the dissolved oxygen (D.O.) reached 20%
of saturation, then increased in order to avoid any
oxygen limitation in the cultures.
Chemicals
Chemical products (glucose, salts, oligo-elements,
orthophosphoric acid and NH3) were provided from
Prolabo, the vitamins from Sigma and the sodium glu-
tamate from Merck. All products were of the highest
analytical grade available.
Feeding strategy
Vitamin feeding strategy All fermentations were per-
formed with an exponential feeding of biotin and vita-
mins based on the growth profile [2].
Glucose feeding strategy Fermentation was started with
a glucose concentration of 100 g l)1. Each time that the
residual glucose concentration was lower than 20 g l)1, a
glucose feeding (700 g l)1) was carried out to reach a
glucose concentration of 100 g l)1. When the ethanol
concentration was above 90 g l)1, the glucose feeding
brought the concentration back to 50 g l)1(cf. Fig. 1).
Fig. 1 Change in the mass of glucose, ethanol, glycerol and biomass
in fed-batch fermentation at 27, 30, 33, 36 and 39C. Thick arrows
represent the glucose feeding to a final concentration of 100 g l-1, and
thin arrows the glucose feeding to a final concentration of 50 g l-1
c
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Analytical methods
Yeast growth was evaluated by spectrophotometric
measurements at 620 nm in a spectrophotometer
(Hitachi U-1100) and calibrated against cell dry weight
measurements. The spectrophotometric measurements
enable evaluation during the fermentation of the
doubling of the population and the generation time for
the exponential addition of the vitamins during the
growth. Cells were harvested by filtration on 0.45 lm-
pore-size polyamide membranes and dried to a constant
weight at 60C under a partial vacuum (200 mm Hg (ca.
26.7 kPa)). A change of 1 unit at OD620 was shown to be
equivalent to 0.84 g of dry matter per litre. The deter-
mination of glucose from fermentation supernatants was
performed during the fermentation with a glucose ana-
lyser (YSI model 27 A: Yellow Springs Instruments).
Concentrations of ethanol and acetic acid in the medium
were determined by gas chromatography using a Pora-
plot Q column (25 m by 0.53 mm) with nitrogen as
carrier gas and flame ionisation detection (Hewlett
Packard, 5890 A) and the following conditions: an
injection temperature of 250C, a detector temperature
of 270C, an initial oven temperature of 115C to a final
temperature of 235C, at a rate of 12C min)1 and an
isotherm of 10 min, a flow rate of carrier gas of
20 ml min-1 and an injected volume of 50 ml. Determi-
nation of organic acids and glucose from fermentation
supernatants was performed by HPLC (Waters Alliance)
using an Aminex HPX-87H column (300 mm by
7.8 mm) and the following conditions: a temperature of
50C, with 5 mM H2SO4 as eluant (flow rate of
0.5 ml min)1) and a dual detection (refractometer and
UV at 210 nm).
The biomass formula was determined at ENSIACET
(Toulouse, France) by elemental analysis of C, H, O, N
and ashes. The biomass formula used to convert cell dry
weights into molar carbon concentration was
C1H1.79O0.64N0.16.
Determination of cell ‘viability’
The cellular ‘viability’ was determined by the methylene
blue technique (Postgate 1967) [6]. A 200 ll sterile
solution of methylene blue (0.3 mM in 68 mM Na3cit-
rate) was mixed with 200 ll of a yeast suspension diluted
to reach an OD620 nm of 0.4 to 0.7. The mixture was
shaken and placed in a Thomas’s counting chamber
after 5 minutes incubation. The number of stained (non-
active cells) or unstained (active cells) and the number of
buds were counted in 5 different fields with a total of at
least 200 to 300 cells. The percentage of ‘viable’ cells was
the number of unstained cells (living cells) divided by the
total number of cells (stained and unstained). In our
conditions, the mean (m) of the viability is estimated
with an accuracy of 10% [6, 7]. This means that the
interval m±0.1m contains the true value of viability
with a probability of 95%.
Results and discussion
The impact of ethanol and temperature on the dynamic
behaviour of S. cerevisiae in ethanol biofuel production
was studied using isothermal fed-batch process at five
different levels 27, 30, 33, 36 and 39C. Fermentations
parameters and kinetics were quantified to assess the
effects of temperature on growth, ethanol, by-products
formation and yeast tolerance.
Impact of temperature on fermentation parameters
Experiments were performed at different temperatures
until an uncoupling effect of growth and ethanol pro-
duction occurred. Glucose mass was consumed, cell and
product (ethanol and glycerol) masses were plotted
versus time in Fig. 1, and Table 1 summarizes the fer-
mentation performances. Direct comparison of metab-
olite concentrations was allowed because of similar final
volumes for the fermentations, except for the one at
39C. Thus, the dilution factor does not affect the
interpretation of the variation of the different parame-
ters. The fermentation carried out at 39C had very poor
performance in terms of growth and ethanol production.
As a result, only 100 g of glucose were consumed in 27 h
and no glucose was added thereafter, explaining the
lower final volume.
When the temperature increased, biomass reached a
maximum value at 30C (39 g in 30 h) and then drasti-
cally decreased down to 2 g at 39C. The optimum
temperature for ethanol production (around 260 g, i.e.,
120 g l)1) was found at 30 and 33C. The main
by-products were glycerol, succinic acid and acetic acid.
Within the temperature range 27–36C, glycerol pro-
duction was lower at 30 and 33C and higher at 36C;
succinic acid and acetic acid masses gradually decreased
Table 1 Temperature effect on biomass, ethanol production and
by-product formation of Saccharomyces cerevisiae CBS 8066 dur-
ing the Fed-batch fermentations
27C 30C 33C 36C 39C
Fermentation time (h) 30 30 30 30 27
Final volume (l) 2.1 2.2 2.2 2.1 1.5
[Ethanol] (g l–1) 90.3 120.4 123 93 29.5
lmax (h
–1) 0.31 0.43 0.41 0.36 0.18
mpmax (g g
–1 h–1) 0.9 2 2.3 1.8 1.5
mp
l=0 (g g–1 h–1) 0.19 0.20 0.35 0.29 0.99
YX/S (g g
–1) 0.079 0.064 0.049 0.042 0.013
YEth/S (g g
–1) 0.43 0.45 0.47 0.43 0.35
YGly/S (g g
–1) 0.027 0.016 0.016 0.06 0.09
Average ethanol
productivity
(g l–1 h–1)
3 4 4 3.1 1.1
lmax: maximum specific growth rate, mpmax: maximum specific
ethanol production rate, mp
l=0: specific ethanol production rate
when growth ceased, Yi/S: yield factors of constituant i on glucose
(with i: X biomass, Eth ethanol, Gly glycerol)
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with increasing temperature from 10 to 1.9 g and 8 to
1 g respectively.
At 39C, the fermentation was sluggish with very low
biomass (2 g), ethanol (43 g) and by-products (0.7 and
0.5 g succinic and acetic acid respectively) production,
except for the glycerol production (11 g) that was
enhanced. Fermentations at temperature above 35C
were already found very restrictive for growth and
ethanol production in yeast cultivated on white must in
aerobic static bottles [5], in batch cultures on wheat
mashes [1], and in continuous mode with total cell
recycling [4].
Within the temperature range 27–39C, the apparent
growth yield on glucose was favoured with decreasing
temperature: it decreased by a factor of 2 from 27 to
36C and by a factor of 6 at 39C. There was little effect
on apparent ethanol yield on glucose as temperature
increased from 27 to 36C with a slight variation be-
tween 0.43 and 0.47 g g)1, supporting previous obser-
vations in static bottles [5], in batch [8] and continuous
cultures [9], and then it decreased to 0.35 g g)1 at 39C.
As mentioned above, glycerol production was
strongly enhanced at 36 and 39C as shown by the sig-
nificant increase in the apparent glycerol yield on glu-
cose (about 4-fold and 6-fold higher at 36C and 39C
compared to 30C). This observation complements
previous reports where glycerol production increased
with increasing temperature within 15–25C with
S. cerevisiae cultivated in grape juice in flasks [10],
within 15–35C with mixed yeast cultivation on white
must in static bottle [5] or after heat shocks from 27C to
45–50C on shochu brewing yeast [11].
It has been previously shown that cell viability fell
with increasing temperature [1, 5, 12, 13, 14]. Then cell
viability was quantified during our five fermentations.
As shown in Fig. 2, a significant effect was observed on
the cell viability due to temperature and ethanol con-
centration. Over 90% of viable cells was measured until
the ethanol concentration reached a threshold value.
Above this value the cell viability dropped drastically.
This ethanol threshold value was found to be a function
of temperature: it was about 80 g l)1 at 27C, around
100 g l)1 at 30 and 33C, and 50 g l)1 at 36C. At 39C,
we observed a quick drop in the cell viability right at the
beginning of the fermentation.
As a result of the temperature effect on growth and
ethanol production and cell viability, the best average
ethanol productivities remained at about a maximum
constant value 4 g l)1 h)1 at 30C and 33C.
Impact of temperature on kinetic parameters
Maximum specific growth rate (lmax) and ethanol pro-
duction rate (mpmax) have a similar classical profile with
increasing temperature but a different optimum value,
i.e., an optimum value of 0.43 h)1 at 30C for growth
and of 2.3 g g)1 h)1 at 33C for ethanol production. The
difference of temperature (3C) between optimum
growth and ethanol production was found here lower
than that reported in the literature (5 to 10C) though it
is known to be strain-dependent as mentioned by
numerous authors [9, 15, 16, 17].
Synergistic effects of temperature and ethanol con-
centrations have been shown on yeast growth upon
addition of exogenous ethanol [15, 18, 19]. In this way,
the ratio of specific growth rate (l) over maximum
specific growth rate (lmax) and the ratio of specific eth-
anol production rate (mp) over maximum specific ethanol
production rate (mpmax) were plotted versus ethanol
concentration for the five fermentations (Fig. 3). These
representations may exhibit the heat-induced and etha-
nol-induced damages on isothermal growth and pro-
duction compared to the maximum capacities of the
yeast at each given fermentation temperature. The
inhibitory effect of ethanol on growth was observed for
all fermentations whatever the temperature. For any
given ethanol concentration, this effect was strongly
pronounced for the highest temperatures as reported in
the literature [9, 15, 20, 21]. A growth rate with 50%
inhibition was seen for 40 g l)1 ethanol at 30C, com-
pared to 70% at 27, 33 and 36C and complete inhibi-
tion at 39C. The critical ethanol concentration (Pcrit),
for which growth stopped, was also found dependent on
the fermentation temperature. The Pcritvalue was the
highest around 115 g l)1 at 30 and 33C and then
dropped to 90 g l)1 at 27C, 75 g l)1 at 36C and
20 g l)1 at 39C. Temperature also affected ethanol im-
pact on its own production as the specific ethanol pro-
duction rate decreased with increasing ethanol
concentration. The inhibitory effect of ethanol on spe-
cific ethanol production rate showed different patterns
depending on the ethanol concentration range: for
concentrations below 60 g l)1 ethanol, a negative effect
of ethanol on production was less severe at 27C and at
30C for concentrations above 60 g l)1.
When yeast growth ceased, we observed that fer-
mentative activity of the yeast is not entirely inhibited.
Fig. 2 Comparison of the percentage of methylene blue-stained
cells (Viability %) as a function of ethanol concentration in fed-
batch fermentations at 27, 30, 33, 36 and 39C
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The specific ethanol production rates, at the Pcrit values
mentioned above, gradually increased with temperature
(Table 1) from 0.19 g g)1 h)1 at 27C to 0.35 g g)1 h)1
at 33C and then decreased to 0.29 g g)1 h)1 at 36C.
The value obtained at 39C as 0.99 g g)1 h)1 cannot be
compared to the others because of premature cessation
of yeast activities resulting in a sluggish fermentation
and, consequently very low ethanol concentration per-
formed (20 g l)1).
As depicted in Fig. 4 where specific glycerol produc-
tion rate was plotted against specific growth rate, fer-
mentation temperature affected the main by-product
formation. We observed the well-known coupling effect
between growth and glycerol production rate, and
glycerol-biomass apparent yield can be calculated from
the slope. The apparent glycerol-biomass yield expo-
nentially increased with increasing temperature within
the range 27–39C. More interestingly, a decoupling
Fig. 3 Ratios of specific growth
rate over maximum specific
growth rate (l/lmax) and of
specific ethanol production rate
over maximum specific ethanol
production rate (mp/mpmax) vs.
ethanol concentration in
fed-batch fermentations at
27, 30, 33, 36 and 39C
Fig. 4 Specific glycerol
production rate (mglycerol) vs.
specific growth rate (l) in
fed-batch fermentations at
27, 30, 33, 36 and 39C
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occurred between growth and glycerol production at 36
and 39C. For these temperatures, glycerol kept being
produced even after growth ceased. In this range of
fermentation temperature, the specific glycerol produc-
tion rate, when growth ceased, was increased 6-fold with
temperature.
Glycerol formation in yeast is well-known as a
response to aeration conditions, due to its role as a
redox sink, and to the medium osmotic pressure as
reviewed by Wang [22]. Increasing glycerol production
was also reported after submitting yeast cells to heat
shock [11, 23]. The authors explained this observation
by an overexpression of the glyceraldehyde-3-phosphate
dehydrogenase. Moreover, the few studies reporting an
increase in glycerol production with increasing temper-
ature during isothermal cultures were obtained using
S. cerevisiae cultivated in flasks. Because the oxygen
solubility decreases with increasing temperature, these
systems are not suitable to differentiate temperature and
aeration effect. Our data presented here in non-oxygen
limiting and isothermal conditions raise the question
about a potential role of glycerol in yeast thermal
protection.
Conclusion
The study presented here clearly showed the contribu-
tion of fermentation temperature combined with high
ethanol concentration on the dynamic biomass, ethanol
and glycerol production, and the cell viability. As a re-
sult of the impact of temperature and ethanol produc-
tion dynamic on cell viability, biomass and ethanol
production, temperatures of 30 and 33C led to better
performances with a slight benefit for growth at 30C
and for ethanol production at 33C. These data are of
primary interest for designing process strategies such as
two-stage high cell density bioreactors where growth and
intensive ethanol production may be monitored sepa-
rately.
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